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Page 11: On the  right-hand s ides  of equations (lg), ( 2 0 ) ,  and (21 ) ,  
should be p lus  ins tead  of minus. t he  s igns of t he  exponents of 

The corrected equations therefore  are: 
R 

For laminar heating 

and f o r  tu rbulen t  heat ing 

Page 22, l i n e s  5 and 6: The values of m and d a t  t h e  sonic point  
.should be corrected as follows: 

m = 39.9 lb/sq f t  

d = 3.3 i n .  

Page 23, next l i n e  from l a s t :  

Page 30: 

The value 1.5 inches should be 3.3 inches.  

I n  f igu re  4, t he  two dimensions labeled 1.5 i n .  should be 
changed t o  3.3 in . ,  and the  dashed l ine  ind ica t ing  the  change of shape 
should be a l t e r e d  accordingly. 
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TECHNICAL NOTE D-254 

AN ANALYSIS OF NOSE ABLATION FOR BALLISTIC VEXICLES 

By Leonard Roberts 

SUMMARY 

A s impl i f ied  ana lys i s  i s  made of t h e  ab la t ion  experienced by b a l l i s -  
t i c  vehicles .  
negl ig ib le  compared with t h a t  disposed by ab la t ion .  
mass loss  i s  found which i s  independent of vehicle  weight and drag and 
independent of i n i t i a l  and impact veloci ty .  

It i s  found i n  general  t h a t  t he  heat l o s t  by r ad ia t ion  i s  
A l imi t ing  t o t a l  

Expressions are presented from which may be ca lcu la ted  the  t o t a l  
mass loss experienced by the  nose of the vehic le  a t  both t h e  s tagnat ion 
point ,  where laminar flow p reva i l s  and a t  the  sonic point ,  where t h e  
flow i s  considered turbulen t .  A t yp ica l  ca lcu la t ion  shDws the  change 
i n  shape of a hemispherical nose during reent ry .  

INTRODUCTION 

The ef fec t iveness  of a long-range b a l l i s t i c  vehicle  depends l a r g e l y  
on i t s  impact ve loc i ty .  If such a vehicle i s  t o  avoid wind dr i f t ,  it 
must maintain high ve loc i ty  even down t o  low a l t i t u d e s .  

One of t h e  foremost problems associated with such a vehicle  i s  the  
d isposa l  of excess energy i n  the  form of heat,  t h e  rate of d i sposa l  of 
t h i s  hea t  r a t h e r  than the  t o t a l  amount being the  main consideration. 

The most e f f i c i e n t  way t o  dispose of heat  a t  such high r a t e s  i s  t o  
provide t h e  vehicle  with a sh ie ld  of material of high thermal capacity,  
and s ince  the  thermal capaci ty  of metals i s  l imited,  materials which 
undergo ab la t ion  have been used. The removal of mater ia l  from t h e  sur-  
face  of the  sh i e ld  during ab la t ion  i s  accompanied by a la rge  Loss of 
heat;  p a r t  of t he  heat  is  absorbed by t h e  phase change and p a r t  by t h e  
add i t iona l  heat ing of the  ab la t ion  products i n  t h e  boundary l aye r .  
f o r  example, r e f s .  1 t o  4.) 

(See, 

An ana lys i s  of t h e  ab la t ion  experienced by reent ry  vehicles  requi res  
a knowledge of t h e  motion and heating experience of t h e  vehicle .  
information i s  provided by the  analyses of references 5 and 6, i n  which 
were der ived expressions f o r  t he  heating rates and t o t a l  heat  input .  

"his 



2 . 
The purpose of the  present  repor t  i s  t o  der ive engineering-type 

expressions f o r  t he  ab la t ion  experienced by a b a l l i s t i c - v e h i c l e  sh i e ld  
near the stagnation and sonic po in t s  during reent ry  i n t o  the  atmosphere. 
I n  view of t h e  bene f i c i a l  e f f e c t s  of mass addi t ion i n t o  the  boundary 
layer ,  t he  type of ab la t ion  considered herein i s  tha t  i n  which the re  i s  
no l i q u i d  film; the  mater ia l  undergoes sublimation a t  the  surface and 
the rea f t e r  flows over t he  nose i n  t h e  boundary layer .  
t o  t he  ablat ion problem f o r  manned reent ry  i n  reference 7 are used t o  
obtain simple expressions from which may be calculated t h e  t o t a l  m a s s  
loss and the  insu la t ion  requirements f o r  any vehicle.  

a 

The methods appl ied 

SYMBOLS 

A reference a rea  f o r  drag, sq f t  

a accelerat ion,  f t / s e c  2 

B b a l l i s t i c  -impact parameter 

CD drag coef f ic ien t  

C spec i f i c  heat ,  Btu/( lb)  ( O R )  

d ab la ted  thickness,  in .  

E mean dimensionless enthalpy 

g 
g rav i t a t iona l  acce lera t ion ,  f t / s e c  2 

is dimensionless t o t a l  heat  input 

e f f ec t ive  heat  capacity,  Btu/lb Heff  

h a l t i t u d e ,  f t  

J mechanical equivalent of heat ,  778 f t - l b / B t u  

K convective heat ing coe f f i c i en t  

k 

L 

thermal conductivity,  B tu / ( f t )  ( sec)  ( O R )  

l a t e n t  heat of sublimation, Btu/lb 

2 c h a r a c t e r i s t i c  length of vehicle ,  f t  

L 
8 
5 
6 
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m a s s  of vehicle,  s lugs 

mass ablated,  lb / sq  f t  

Prandt l  number 

Schmidt number 

1/2 a t  laminar s t a g n a t i o n  point ,  4/5 a t  turbulen t  sonic 

t o t a l  convective heat input, Btu/sq f t  

l o c a l  convective heat- t ransfer  r a t e ,  Btu/( sq f t )  ( sec )  

rad ius  of curvature of nose, f t  

point  

Reynolds number, 

rad ius  of ear th ,  

temperature, OR 

time, sec 

PJZ 

Prn 

f t  

hor izont  a l -ve loc i ty  component, f t /sec 

t o t a l  veloci ty ,  f t / s e c  

c i r c u l a r  veloci ty ,  (gr)ll2 = 26,000 f t / s e c  

concentration of sh ie ld  mater ia l  i n  gaseous form 

dimensionless function of u determined by equation (1) 

outward normal distance from abla t ion  surface,  f t  

f r a c t i o n a l  temperature r i s e  of gaseous material 
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P 

Y 

atmospheric dens i ty  decay parameter, ft-1 

f l igh t -pa th  angle r e l a t i v e  t o  l o c a l  horizontal ,  deg 

E 

11 

e 

e m i  s s i v i t  y 

f r a c t i o n a l  decrease i n  m a s s  loss  due t o  i n t e r n a l  sh ie ld ing  

i n t e g r a l  thickness  of heated l aye r  i n  s o l i d  sh ie ld ,  f t  

h abla t ion  shielding parameter 

CI 

P density,  slugs/cu f t  

a Stefan-Boltzmann constant 5 x Btu ft'2 see'' ORm4 

coef f ic ien t  of dynamic v iscos i ty ,  s lugs/f t -sec 

Subscripts : 

a sublimation condition 

b s o l i d  sh i e ld  condition 

e ex terna l  t o  gas boundary layer  

f 

i 

f i n a l ,  or  impact, condition 

i n i t i a l  condition 

i n s  insu la t ion  

l a m  laminar 

max m a x i m u m  

r rad ia t ion  

S surface condition 

tu rb  turbulent  

1 gas produced by sublimation 

2 a i r  i n  boundary l aye r  

L 
8 
5 
6 
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0 no sublimation 

m f r e e  stream 

Superscr ip ts  : 

1 d i f f e r e n t i a t i o n  with respect t o  u' 

- dimensionless quant i ty  

* sea  l e v e l  

cy mean quant i ty  

ANALYSIS 

Motion and Heating 

A generalized ana lys i s  of reentry i n t o  p lane tary  atmospheres has 
been made i n  reference 6 where expressions for laminar and turbulen t  
convective hea t ing  r a t e s  were obtained. Those expressions were presented 
i n  a form which makes a study of ab la t ion  during r een t ry  a f a i r l y  simple 
matter as shown i n  reference 7. 
equation of motion of a non l i f t i ng  b a l l i s t i c  vehic le  i s  wr i t t en  

In  the nota t ion  of reference 6, t h e  

where 

u= u 1/2 =.J 
vc (g r )  

The so lu t ion  of equation (1) is wr i t t en  
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where 3, i s  the  i n i t i a l  dimensionless hor izonta l  component of ve loc i ty  
determined from the  vehicle  t r a j e c t o r y  before reentry.  

The motion and heat ing h i s t o r y  of reent ry  vehicles  has been described 
i n  reference 6 i n  terms of the  funct ions 
f o r  the primary quan t i t i e s  of i n t e r e s t  ( f o r  example, m a x i m u m  decelera- 
t i o n  and maximum heat ing rate) were presented there in .  The r e s u l t s  of 
references 5 and 6 w i l l  be expressed herein i n  terms of t o t a l  ve loc i ty  
r a t h e r  than the  hor izonta l  component u through 

Z(l?), and general  expressions 

V 

U 

cos y 
v = -  I 

M and i n  terms of the  parameters - 

Impact veloci ty . -  "he first quant i ty  of i n t e r e s t  f o r  a b a l l i s t i c  
vehicle i s  the  impact ve loc i ty  
the  density-velocity r e l a t i o n  

V f ,  which i s  most e a s i l y  obtained from 

5 
6 

(4 )  

and equations (3) and ( 4 ) .  I n  terms of a b a l l i s t i c  impact parameter 

PO3 equation ( 5 )  with - = 1 and V = Vf i s  wr i t t en  
P* 

-$B 
vf = e 

L 
8 

The var ia t ion  of B with vf i s  shown i n  f igu re  1. The parameter B 

which i s  used t o  character ize  t r a j e c t o r i e s  i n  reference 5 may be i n t e r -  
p re ted  physically as 
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L 
c 

CDA p* -- 
s i n  y p 

M 
B =  

M 

Mass of column of a i r  i n  vehicle  path 
Mass of vehicle 

- - 

(where t h e  parameter CDA i s  in te rpre ted  as the e f f ec t ive  a rea  of c ross  
sec t ion  of the vehicle) .  

Equation (7) shows tha t  the impact ve loc i ty  increases  as B 
decreases, a r e s u l t  t o  be expected i n  view of t h e  foregoing in t e rp re t a -  
t i o n  of B. 

Maximum decelerat ion.-  A s  shown i n  reference 5 ,  the decelerat ion 
is  w r i t t e n  

(9) 2 2 -a = +Vi s i n  y v log, v 

which has a maximum value 

2 
s i n  y -%ax = 2e 

1 -- 
at  v = e '. 
before impact if 
up t o  impact i f  B < 1. 

Thus, the  vehicle  w i l l  experience maximum dece lera t ion  
B 2 - 1, but  it w i l l  experience increasing dece lera t ion  

Convective laminar and turbulent  heating.-  The general  expression 
f o r  the heat ing r a t e  i s  

KP pPv3 
90 = RI-p 



a 

where, f o r  laminar flow, a t  t he  s tagnat ion point  
c 

and f o r  turbulent  flow, a t  the  sonic point 

Equation (10) may be expressed i n  terms of Z and u as 

where 

Equations (12) and (13) may be rewr i t ten  i n  terms of v and B as 

3 3  
P 

qo = ?( p*)’B-’Vi v ( -loge v)’ 
R-’P 

The r e l a t ion  between ve loc i ty  and time required t o  in t eg ra t e  equation (14) 
i s  found from equation (9) 

dv 2 
d t  

a = v i  - = pvi s i n  y &og, v 

or  

- dv = Vip s i n  7 v 2 log, v 
d t  
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In tegra t ion  of equation (14) with respect t o  t then gives 

2 P Kp ( P*)p~’p 1 
Qo = - V i ‘ s  v(-loge v)’-’dv 

Vf 
~ 1 - p  p s i n  7 

and r (p)  i s  t h e  incomplete gamma function. The function - Hp(B) i s  
- B 

shown i n  f i g u r e  2 and l i es  i n  the  range 0 5 % 5 1. 
p = -  and B 4 0 3  

In  p a r t i c u l a r  when 
1 
2 1 -- 

and t h e  expression f o r  t h e  t o t a l  heat input i n  reference 6 

i s  recovered. 

The maximum heating r a t e  i s  found from equation (14); t h e  maximum 

value of v3(-10ge v > P  occurs a t  v = e and gives 
n 

It i s  seen t h a t  maximum heating occurs before maximum dece lera t ion  

( v  = e-’/*) f o r  both laminar and turbulent heating. 

Reynolds number.- The Reynolds number i s  a l s o  wr i t t en  i n  terms of 
t h e  parameter B as 
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The maximum value of the  Reynolds number occurs a t  V = e -1 and i s  
wr i t ten  

and it may be v e r i f i e d  t h a t  

L 
8 
5 
6 

t h a t  i s ,  t he  maximum value i s  g rea t e r  than o r  equal t o  the  sea- level  o r  
impact value, ( equa l i ty  when B = 2 ) .  Alternately i n  terms of t he  c i r -  

cu l a r  veloci ty  ( g r ) l / *  = 26,000 f t / s e c  

In order t o  insure a high impact ve loc i ty  Vf given by 

-AB 
2 Vf = Vie  

it i s  necessary t h a t  V i  be l a rge  and B smal l .  The occurrence of 
turbulent  flow therefore  cannot be avoided as i s  seen from equation (18). 

Surface rad ia t ion . -  B a l l i s t i c  r een t ry  i s  t y p i f i e d  by high convective 
heat ing rates and short  duration, and it i s  t o  be expected t h a t  t h e  heat  
loss by rad ia t ion  is  negl ig ib le  compared with the  convective input 
An estimate of t he  r a t i o  

&o. 

Total  heat  loss by r ad ia t ion  
Total  convective heat  input 

is  e a s i l y  obtained as follows: 
from equations (7)  and ( g ) ,  

The durat ion of reent ry  i s  approximately, 
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a 

and t h e  t o t a l  heat  loss by rad ia t ion  i s  approximately 

Qr = 4 e ( l  - e-B/2) (Vip s i n  7)-1u~Ta 4 

where the  numerical value 1; x 

t h e  Stefan-Boltzmann constant u.  

Btu ft-2 sec- l  OR has been used f o r  
2 

Thus, by using the  expressions f o r  Q given by equation (15), 0 
t h e  r a t i o  %/% i s  w r i t t e n  as 

% x 2ep( p*) -2vi-3 
Q Q K P  

For laminar heat ing 

(;)lm = 1.5 

and f o r  turbulent  heating 

When t y p i c a l  values 

B = 5  

R = l  E = 1/2 



12 

are inser ted,  equations (20) and (21) give 
L 

and 

Thus, even f o r  mean values  of 
the  heat l o s t  by r ad ia t ive  cooling i s  of t h e  order  of 5 t o  10 percent 
f o r  laminar flow and even less f o r  tu rbulen t  flow. 

Ta of t h e  order  of 4,000° R t o  5,000° R, 

L 
8 
5 
6 

For vehicles  of higher impact ve loc i ty  ( therefore ,  l a rge  Vi and 
s m a l l  
t i o n  of the  t o t a l  corwective heat  input,  as may be  seen from t h e  form 
of equations (20)  and ( 2 1 ) .  
t i o n  from t h e  surface i s  neglected. 

B) t he  heat loss by r ad ia t ion  becomes a decreasingly s m a l l  f r a c -  

I n  t h e  following analysis ,  therefore ,  rad ia-  . 
w 

Sublimation and Heat Accumulation 

The equations used herein t o  determine mass l o s s  and accumulation 
of heat  a re  those developed i n  reference 7; b r i e f l y  they are wr i t t en  

Heating rate Rate of d i sposa l  of hea t  Rate of accumulation 
f o r  no by mass loss of heat  by s h i e l d  
ab la t ion  

(22) 

In  equation (22) 8 i s  an i n t e g r a l  heated thickness  

a 
sublimation, and c 
t h e  boundary l aye r  

i s  the f r a c t i o n a l  increase i n  temperature of t h e  gas  products of 
Iv 

i s  t h e  mean s p e c i f i c  hea t  of  t h e  gas mixture i n  P 



N c = c  w " + c  ( 1 s )  
P P , l  P,2 

.-u where w i s  the  e f fec t ive  concentration of t h e  sh i e ld  mater ia l  i n  
gaseous form and i s  given as a function of Schmidt number i n  reference 2. 

The heating rate qo has already been given i n  terms of t he  dimen- 
s ion less  ve loc i ty  v, and the  enthalpy C ~ , ~ ( T ,  - Ta) 
expressed i n  terms of  v 

i s  a l so  e a s i l y  

Since the  purpose of t he  ablat ion s h i e l d  i s  t o  dispose of r a the r  
than accumulate heat it may be expected t h a t  t he  second term on the  r i g h t  
of equation (22) w i l l  be small compared with the  f i r s t  term; thus,  when 
the  second term i s  ignored 

A s  i n  reference 7 the  rate of mass loss is  expressed i n  terms of 
the  vehic le  ve loc i ty  V and the  exp l i c i t  dependence on the  time t i s  
eliminated, thus equation (26) i s  wr i t ten  

where 

( 2 8 )  + Cb(Ta - Tb) - Maximum in t e rna l  shielding enthalpy 
2 - Maximum external  shielding enthalpy 

A =  - 

1 V i  cP c 
P,2 

- -  
2 gJ 

The m a x i m u m  mass loss r a t e  w i l l  depend on A. When A i s  small, t h i s  

and coincides with peak heating. 
maximum occurs a t  v = e-p; but  when A i s  la rge ,  it occurs a t  v = e -PI3 

Mass loss.- The t o t a l  mass l o s s  experienced by the  sh i e ld  during 
r een t ry  i s  found by in tegra t ion  of equation (27) and gives 
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where 

L( -loge v )  "ldv 

v The quantity p, h?.' .ic'i  r t 'prrs tnts  t he  reduction i n  m a s s  loss due t o  
in t e rna l  shit ldinir i s  found by evaluat ing the  i n t e g r a l s  i n  equation (30) 
and i s  given 2r i  I i i i  t +  6 -y by 

(The numerical L-vzilLation cf equation (30) agrees with equation (31) t o  
wi th in  a f e w  percent . )  

The general  approximate form for 11 given by equation (31) i s  
suggested by a similar r e s u l t  derived i n  reference 7. 

By combining equations (29) and (31) ? t h e  t o t a l  m a s s  loss  may be 
w r i t t e n  

h 

where 



- -1 
- 
GP = .EP[[l - (*TI - (33) 

- 
The s igni f icance  of t he  funct ion Gp is  discussed later.  

When t h e  i n t e r n a l  shielding i s  negl igible  compared with t h e  gas- 
layer  shielding ( A  + 0) ,  equation (32) reduces t o  

2 gJ  c P,2 

It i s  in t e re s t ing  t o  note t h a t  t h i s  upper l i m i t  i s  independent of t h e  
b a l l i s t i c  parameter - M 

CDA’ 

V f  

the en t ry  ve loc i ty  Vi, and t h e  impact ve loc i ty  

On the  o ther  hand, when the  gas-layer sh ie ld ing  is  negl ig ib le  com- 
pared with t h e  i n t e r n a l  shielding (A +a), t he  m a s s  loss tends t o  t h e  l i m i t  

-1 2 K p (PP s i n  7)  vi - m = P ( p * )  
L + c  T a -  b (  Tb) Hp R1-P 

(35) 

which depends on Vi and the  impact parameter B through zp. This 
l a t t e r  l i m i t  a l s o  appl ies  t o  a heat sink when L = 0, the  thermal 
capaci ty  then being I n  general ,  f o r  an ab la t ion  

sh ie ld  ne i ther  t he  i n t e r n a l  shielding nor the  gas-layer shielding i s  
negl ig ib le  and t h e  m a s s  loss given by equation (32) i s  less than e i t h e r  
of t he  l imi t ing  values obtained from equations (34) o r  (35). 

cb(Ta - Tb) Btu/lb. 

Ef fec t ive  heat capacity.-  The e f fec t ive  heat  capacity o r  heat of 
ab la t ion  a t  any time during reent ry  is a funct ion pr imari ly  of t h e  stream 
enthalpy and therefore  t h e  vehicle  speed. 
considered however the  more appropriate d e f i n i t i o n  i s  

When the  e n t i r e  t r a j e c t o r y  i s  

Total  heat  disposed by ab la t ion  - % 
‘eff - Tota l  mass l o s s  m 

- -  - 

when t h e  accumulation of heat i s  neglected. 
fo r  &o and m given by equations (15) and (32) ,  respect ively,  Heff 
may be w r i t t e n  

By using the  expressions 
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. I  2 x 

where 

(37) 

L 
1 V i L  - 8 

5 
- - Gp may be in t e rp re t ed  as 

6 
2 gJ 

The form of equation (36) i s  such t h a t  

- t h e  mean stream enthalpy during reent ry .  
Gp i s  a function of A. For very s m a l l  impact v e l o c i t i e s ,  vf = 0; 

It i s  i n t e r e s t i n g  t o  note t h a t  

then 

and 

-1 - Gp + ( l o g y )  - 

- 
independently of p. For l a rge  impact v e l o c i t i e s ,  vf +1, and Gp +l 
f o r  a l l  values of h. Figure 3 shows t h i s  range of v a r i a t i o n  of Gp. 
For a fixed value of vf (and, therefore ,  a f ixed  value of ?fp) 

- 

with t h e  lower l i m i t  corresponding t o  h = 0 
sponding t o  h + m. 

and t h e  upper l i m i t  corre- 

I n  order t o  determine t h e  s u i t a b i l i t y  of  a material f o r  use as an 
ablation sh ie ld ,  consideration must be given t o  the  amount of i n su la t ion  
material .  
back-surface temperature i s  t h e  sum of t h e  weight requi red  f o r  ab la t ion  
and tha t  required f o r  insu la t ion .  

The t o t a l  weight of t he  s h i e l d  required t o  ensure a given 

It w a s  shown i n  reference 7 t h a t  an upper l i m i t  t o  t h e  in su la t ion  
requirements may be obtained by assuming t h a t  t h e  sur face  temperature i s  
constant and equal t o  t h e  ab la t ion  temperature throughout r een t ry  and by 
ignoring the  e f f e c t  of ab la t ion  on t h e  temperature d i s t r i b u t i o n .  
t h e  foregoing approximations, t h e  appropriate so lu t ion  of t h e  hea t -  
conduction equation f o r  a thermally t h i c k  sh ie ld  i s  wr i t t en  

0 With 

4 
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The temperature d i s t r i b u t i o n  T ( z )  a t  impact i s  obtained from equa- 
t i o n  (39) by in se r t ing  the  value tf.  
l a t e d  by the  sh i e ld  i s  found by integrat ion of equation (39) and gives 

An upper l i m i t  t o  t h e  hea t  accumu- 

so t h a t  

It i s  seen t h a t  t he  expressions f o r  the temperature d i s t r i b u t i o n  and 
accumulation of heat depend pr imari ly  on the  proper t ies  of t h e  s o l i d  
sh ie ld .  The b a l l i s t i c  cha rac t e r i s t i c s  en te r  only through the  f ac to r  
I. 1/2 

Numerical Calculations 

General expressions have been derived fromwhich t h e  m a s s  loss 
during reent ry  and the  ove ra l l  e f fec t ive  heat capaci ty  may be determined. 
In  order  t o  use equations (32) and ( 3 6 ) ,  t h e  quan t i t i e s  %, 

1 - C 

C c 

'v 

C 
= k w" + 1 - ?, and Hp must be known. 

P,2 P,2 

For laminar flow with Npr = NSc = 0.7 t h e  r e s u l t s  of reference 2 

give 

For turbulent  flow, the  values 

CGp = 3/10 and w" = 5/6 

give good agreement with t h e  experimental r e s u l t s  of reference 8 both 
f o r  a i r  and helium in j ec t ions  in to  the boundary l aye r .  
equations (32) and (36) may be used i n  conjunction with experimentally 

More generally,  
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determined values of t he  quant i ty  %cp/cp,2 f o r  t he  p a r t i c u l a r  material 
under consideration. 4 

The shielding parameter h may now be wr i t t en  

For laminar flow : 

A =  + Cb(Ta - Tb) 
I ,  

2 
8 , 1 O O k ) ( -  5 - cP, l  + 2) 

cP, 2 

For turbulent flow : 

L 
8 

It i s  seen t h a t  f o r  given values of quan t i t i e s  contained i n  h, t he  
turbulent  value of A i s  twice the  laminar value. The foregoing 

provide a simple determination of the  mass loss. 
values of Kp, p, A, p* = 0.0027 slugs/cu f t ,  and p = 23,500 f t - l  
are inserted,  equation (32) reduces t o  the  following: 

and h used i n  conjunction with equation (32) expressions f o r  “PZPlCP,2 
When t h e  appropriate 

For l a m i n a r  flow: 

and f o r  turbulent flow : 

160,000($)R-1/5( s i n  7)-%415 
m =  lb/sq f t  (42b) 

-+ Cb(Ta - Tb) + 4 , 0 5 0 p  
+ 4 ( g ) E 4 / 5  

Similarly,  t h e  e f f ec t ive  heat capaci ty  i s  wr i t ten ,  from equation (36) 
f o r  laminar flow 
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and f o r  turbulent  flow 

- 
The functions Hp and ?fp which appear i n  equations (42a) t o  (43b) are 
defined by equations (16) and (33), respect ively.  
extremely w e l l  approximated as  follows: 

The funct ion Rp i s  

f o r  vf < 0.15 

and 

- 
HP = (1 - 'up) + 9 V f  f o r  vf > 0.15 

o r  f o r  laminar flow 

( 4 4 4  1 - H112 = 0.886(-2 log, vf)  -1/2 Vf < 0.15 

Vf > 0.15 Ell2 = 0.35 + 0 . 6 5 ~ ~  

and f o r  turbulent  flow 

- 
H x 0.931( -2 loge vf) -4/5 v f < 0.151 

4/5 

The dimensionless impact ve loc i ty  vf i s  determined e a s i l y  from 
equation ( 7 ) ,  t h a t  i s  

- LB 
vf = e 2 

The funct ion 
foregoing expressions f o r  A and Ep. 

may be determined from equation (33) by using t h e  
P 
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a It i s  seen from f igu res  3(a) and 3(b) t h a t  f o r  0.05 < vf < 0.15 

t h e r e  is  l i t t l e  va r i a t ion  of Ep with vf and t h a t  does not vary 
appreciably with h f o r  'A > 0.15 f o r  laminar  flow and h > 0.50 f o r  
turbulent flow. (This range of h corresponds roughly t o  

Ep 

\ 

L + c Ta - Tb) > 1,000 Btu/lb when b( 
- 

a f i r s t  approximation t h e  func t ion  Gp can be replaced by t h e  numerical 
value 0.6. 

An estimate of t h e  amount of i n su la t ion  i s  made by wr i t i ng  equa- 
f t i o n  (39) i n  t he  approximate form, a t  t = t 

where 

and wr i t ing  

Equation (45) then reads 

Thus, i f  a t  the start of r e e n t r y - t h e  back surface temperature i s  
and it i s  required t o  l i m i t  t h e  temperature t o  
t i o n  i s  given by 

T), 
Tf,  t he  amount of insula- 

L 
a 

* 
It i s  seen f r o m  equation (47) t h a t  t h e  amount of i n su la t ion  i s  reduced 
by choosing a mater ia l  such t h a t  - pbkb and (Ta - Tf) a r e  s m a l l .  Typical 
values 'b 4 
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(i)l/' = 10-l lb/(sq f t ) ( s e c  1/2) 

give 

mins - - 0.56 lb /sq  f t  

If T, - lj, 
mins t o  1.21 lb/sq f t .  

is  increased t o  4,000' R t h e  r e s u l t  i s  an increase of 

Change of Shape 

An important consideration i n  the design of an ab la t ion  sh ie ld  i s  
the  change i n  shape of the  sh ie ld  during reentry.  
nosed vehicles  t he  stagnation point and sonic point  may be located f a i r l y  
close t o  each other  but nevertheless experience qui te  d i f f e ren t  heating 
h i s t o r i e s .  The recession dis tances  a t  these two points  may d i f f e r  con- 
siderably,  therefore ,  espec ia l ly  i f  the densi ty  of  t h e  sh ie ld  i s  s m a l l .  
Large changes i n  shape during reentry can a l ter  the  drag cha rac t e r i s t i c s  
of t h e  vehicle  and must therefore  be eliminated o r  a t  least be predicted 
and planned f o r .  

For slender 5ut  blxnt  

A complete ana lys i s  of  t h e  change of shape problem i s  beyond the  
scope of t h i s  report ,  however the  recession dis tances  a t  t h e  stagnat.ion 
and sonic poin ts  may be calculated very simply from equations (42a) 
and (42b). For example, by using the numerical values 

I s i n  7 = - 
2 

Vf = 0.1 % L = 2  
P,2 3 C 

= 144 lb/cu f t  1 R = - f t  
2 'b 

L + cb(Ta - Tb) = 1,000 Btu/lb 

t h e  following r e s u l t s  a r e  obtained from equations (42a) and (43a): 



22 

A t  the stagnation point ,  

m = 8.38 lb /sq  f t  

d = 0.7 in .  

A t  the  sonic point ,  

m = 17.95 1b/sq f t  

d = 1.5 in .  L 
8 

The recession dis tances  a r e  shown i n  f igu re  4 where the  sonic  point  i s  5 
considered t o  be a t  the  45' pos i t ion .  6 
maximum recession of the  surface a t  t h i s  posi t ion.  

A sketch of the  f i n a l  shape shows 

DISCUSSION 

The foregoing ana lys i s  has been concerned with the  loss of mater ia l  L 

from, and t h e  accumulation of heat within,  an ab la t ion  sh ie ld  of a 
b a l l i s t i c  vehicle  during reentry.  
t h a t  i n  which no l i q u i d  f i l m  i s  produced, t he  products of ab la t ion  being 
completely gaseous. 

The type of ab la t ion  considered i s  

B a l l i s t i c  reent ry  has been character ized by the  b a l l i s t i c  impact 
parameter B f irst  introduced i n  reference 1; t h i s  parameter has the  
physical i n t e rp re t a t ion  

Mass of column of a i r  i n  vehicle  path 
Mass of vehicle  

B =  

so  t h a t  small values of B l ead  t o  high impact v e l o c i t i e s .  It i s  seen 
from f i g u r e  1 t h a t  the impact ve loc i ty  does not change appreciably with 
B f o r  values of B g rea t e r  than 6; however, as B decreases from 6 
t o  3 (by doubling the  vehicle  weight, f o r  example, or  halving the  f r o n t a l  
area) the impact ve loc i ty  increases  from 0.05Vi t o  0.24Vi, a f a c t o r  of 
near ly  5 .  
l e s s  than a f ac to r  of 2, as seen from f i g u r e  2. The t o t a l  aerodynamic 
heat  input increases  rap id ly  with impact ve loc i ty  f o r  values less than 
0.05Vi ( i . e . ,  
impact veloci ty  grea te r  than 0 . 0 5 ~ ~  ( B  < 6) ,  as shown i n  f i g u r e  2. 

The associated t o t a l  heat input  increases,  of course, but  by 

B > 6) but  increases  only l i n e a r l y  f o r  values of t h e  

The f i r s t  conclusion t o  be drawn from t h e  ana lys i s  i s  t h a t  the  
rad ia t ive  heat losses  from the  sh i e ld  a r e  negl ig ib le  compared with the  
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heat  disposed by ablat ion,  except f o r  mater ia ls  having exceedingly high 
ab la t ion  temperatures and f o r  vehicles of low impact ve loc i ty .  For a 
vehicle  having supersonic impact veloci ty  the  reent ry  time i s  so shor t  
t h a t  surface rad ia t ion  from the  vehicle i s  less than 5 percent of t h e  
t o t a l  heat  input,  even i f  t he  surface operates a t  a temperature of 
4,000° R throughout reentry.  Such a surface temperature would na tu ra l ly  
increase the  insu la t ion  requirements. From t h i s  point  of view t h e  mate- 
r ials most appropriate f o r  high impact ve loc i ty  vehicles  are those which 
have f a i r l y  low abla t ion  temperatures. The loss of r ad ia t ive  cooling 
i s  more than balanced by the  reduction i n  insu la t ion .  

On the  other  hand, if the  mater ia l  has simultaneously a high abla- 
t i o n  temperature and low enough conductivity, it i s  possible  t h a t  t h e  
reduct ion i n  m a s s  l o s s  due t o  the  lower convective heat ing r a t e  may o f f -  
set the  increase i n  insulat ion.  Such a high temperature sh ie ld  may 
then be more e f f i c i e n t  on an ove ra l l  weight bas i s .  

The shielding capabi l i ty  of ablat ion mater ia l s  has been character ized 
by a parameter 
heat and heat  -sink capacity) t o  external  shielding ( the  capaci ty  of t he  
ab la t ion  gases t o  absorb heat during convection). 
shielding i s  predominant ( A  + O )  t he  analysis  shows t h a t  t he  mass loss 
has a l imi t ing  value which i s  independent of t he  e n t r y  and impact veloc- 
i t i es  and t h e  vehicle  parameter 1. The t o t a l  e f f ec t ive  hea t  capaci ty  

i s  also v i r t u a l l y  independent of t h i s  l a t te r  parameter over a wide range 
of conditions and may be wri t ten:  

A, the  r a t i o  of i n t e rna l  shielding ( t h e  sum of t h e  l a t e n t  

When the  gas-layer 

c$. 

- 
For t he  range of conditions present ly  of i n t e r e s t ,  Gp i s  approximately 
constant and equal t o  0.6 as i s  seen from f igu re  3. 
expressions indicate ,  the gas-layer shielding is  only one-half as ef fec-  
t i v e  a t  the  sonic point  as a t  t he  stagnation point .  

A s  t he  foregoing 

An i l l u s t r a t i v e  calculat ion with t y p i c a l  numerical values shows 
t h a t  the surface recession is  such t h a t  t h e  nose may change shape s u f f i -  
c i e n t l y  t o  a f f e c t  the drag charac te r i s t ics  of t h e  vehicle,  i n  t h e  example 
shown i n  f igu re  4, the  hemisphere with an i n i t i a l  rad ius  of 6 inches 
recedes 1.5 inches a t  the sonic point, compared with 0.7 inch a t  t h e  
s tagnat ion point .  
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CONCLUDING REMARKS 

. 

An analys is  of t h e  sublimation of ma te r i a l  from a b a l l i s t i c  vehic le  
sh i e ld  has been made. The two con t ro l l i ng  parameters of t h e  problem are 
found t o  be t h e  b a l l i s t i c  impact parameter 

Mass of column of a i r  i n  vehicle  path 

Mass of vehic le  

and t h e  ab la t ion  shielding parameter 

I n t e r n a l  sh ie ld ing  

L 
8 
5 
6 

Gas-layer sh ie ld ing  

General approximate expressions f o r  t h e  t o t a l  ab la t ion  experienced by 
t h e  sh ie ld  a t  the  s tagnat ion and sonic  poin ts  ind ica te  t h a t  t h e  nose 
may undergo considerable change i n  shape during reent ry .  
engineering forms of these  expressions appl ied t o  a hemispherical nose 
show t h e  f i n a l  shape t o  be indented i n  t h e  region of t h e  sonic  poin t .  

Estimates of t he  in su la t ion  requirements with t h e  use of t y p i c a l  

The s impl i f ied  

material proper t ies  show t h a t  i n su la t ion  w e i g h t  makes only a secondary 
contr ibut ion t o  the  t o t a l  weight of t h e  sh i e ld .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  January 14, 1960. 
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Figure 1.- Variation of b a l l i s t i c  impact parameter B with impact 
velocity. 
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Figure 2.-  Variation of total heat input parameter with impact velocity. 
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(a) Laminar flow. 
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Figure 3.- Variat ion of enthalpy parameter Gp with enthalpy r a t i o  h. 
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(b)  Turbulent flow. 

Figure 3. - Concluded. 
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Figure 4.- Change of shape of hemispherical cap during reent ry .  
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